The molecular signals that control the maintenance and activation of liver stem/progenitor cells are poorly understood, and the role of liver progenitor cells in hepatic tumorigenesis is unclear. We report here that liverspecific deletion of the neurofibromatosis type 2 (Nf2) tumor suppressor gene in the developing or adult mouse specifically yields a dramatic, progressive expansion of progenitor cells throughout the liver without affecting differentiated hepatocytes. All surviving mice eventually developed both cholangiocellular and hepatocellular carcinoma, suggesting that Nf2 À/À progenitors can be a cell of origin for these tumors. Despite the suggested link between Nf2 and the Hpo/Wts/Yki signaling pathway in Drosophila, and recent studies linking the corresponding Mst/Lats/Yap pathway to mammalian liver tumorigenesis, our molecular studies suggest that Merlin is not a major regulator of YAP in liver progenitors, and that the overproliferation of Nf2 À/À liver progenitors is instead driven by aberrant epidermal growth factor receptor (EGFR) activity. Indeed, pharmacologic inhibition of EGFR blocks the proliferation of Nf2 À/À liver progenitors in vitro and in vivo, consistent with recent studies indicating that the Nf2-encoded protein Merlin can control the abundance and signaling of membrane receptors such as EGFR. Together, our findings uncover a critical role for Nf2/Merlin in controlling homeostasis of the liver stem cell niche. The remarkable regenerative capacity of the mammalian liver is well known (Fausto et al. 2006; Michalopoulos 2007) . In response to liver cell loss, existing hepatocytes and cholangiocytes (bile duct cells) re-enter the cell cycle to maintain or restore the original liver volume and biliary tree. When pathological or experimental conditions that block hepatocyte proliferation also exist, facultative liver progenitor cells, known in rodents as ''oval cells'' (OCs) for their morphological appearance (Farber 1956), emerge and expand from the most terminal branches of the biliary tree (Fausto and Campbell 2003; Fausto 2004; Roskams et al. 2004; Alison 2005; Theise 2006) . Like embryonic hepatoblasts (HBs), OCs are considered to be bipotential, and can give rise to both hepatocytes and cholangiocytes (Evarts et al. 1987; Sell 2001) . Cells that are thought to be equivalent to OCs have been identified in humans, and are presumed to also be liver progenitors (Roskams et al. 2004 ). However, it has not been possible to define the origin, potential, or molecular features of human liver progenitor cells.
The remarkable regenerative capacity of the mammalian liver is well known (Fausto et al. 2006; Michalopoulos 2007) . In response to liver cell loss, existing hepatocytes and cholangiocytes (bile duct cells) re-enter the cell cycle to maintain or restore the original liver volume and biliary tree. When pathological or experimental conditions that block hepatocyte proliferation also exist, facultative liver progenitor cells, known in rodents as ''oval cells'' (OCs) for their morphological appearance (Farber 1956 ), emerge and expand from the most terminal branches of the biliary tree (Fausto and Campbell 2003; Fausto 2004; Roskams et al. 2004; Alison 2005; Theise 2006 ). Like embryonic hepatoblasts (HBs), OCs are considered to be bipotential, and can give rise to both hepatocytes and cholangiocytes (Evarts et al. 1987; Sell 2001) . Cells that are thought to be equivalent to OCs have been identified in humans, and are presumed to also be liver progenitors (Roskams et al. 2004 ). However, it has not been possible to define the origin, potential, or molecular features of human liver progenitor cells.
Chemically induced liver tumors in mice often feature an initial expansion of OCs, suggesting that they can be the cell of origin of at least some liver tumors (Sell 2001; Roskams 2006) . However, genetically defined animal models that feature primary OC expansion are rare (Jakubowski et al. 2005) . Instead, OCs appear in some genetically engineered models of liver tumorigenesis, but only secondary to hepatocellular dysplasia/neoplasia and inflammation (Sandgren et al. 1989; Santoni-Rugiu et al. 1996; Lu et al. 2010; Song et al. 2010) , precluding an investigation of the molecular signals that govern OC proliferation, identification of the OC niche, and delineation of the link between OCs and liver tumorigenesis.
The paucity of genetically defined mouse models has also impeded progress in defining the cellular and molecular bases of liver cancer, the third leading cause of cancer death in humans (Llovet et al. 2003) . The two most common types of liver cancer are hepatocellular carcinoma (HCC) and cholangiocarcinoma (CC; bile duct cancer); mixed tumors with features of both HCC and CC also occur (Llovet et al. 2003; Blechacz and Gores 2008) . Rodent models of liver tumorigenesis have traditionally relied on chemical induction, which yields HCC almost exclusively and CC only rarely (Lee et al. 1997; Sell 2001) . Some transgenic models of HCC have been developed, but these involve overexpression of specific oncogenes throughout the liver (Sandgren et al. 1989; Murakami et al. 1993; Dong et al. 2007 ); genetically engineered mouse models of CC are rare (Kiguchi et al. 2001; Xu et al. 2006) . Few examples of liver tumorigenesis in tumor suppressor mutant strains of mice have been reported (Colnot et al. 2004; Xu et al. 2006; Zhou et al. 2009; Lu et al. 2010; Song et al. 2010 ). However, mice carrying a heterozygous mutation in the neurofibromatosis type 2 (NF2) tumor suppressor gene spontaneously develop both HCC and CC (McClatchey et al. 1998; Kalamarides et al. 2002) . Liver tumor initiation and progression was not studied in these animals because of the predominant development of osteosarcomas and other tumors.
The NF2-encoded protein Merlin is closely related to the membrane:cytoskeleton-linking proteins Ezrin, Radixin, and Moesin (the ERM proteins), and can associate with a number of membrane-associated proteins and receptors (McClatchey and Fehon 2009) . Recent studies reveal that Merlin can control the abundance of certain membrane receptors in mammalian cells and in flies, including the epidermal growth factor receptor (EGFR) (Maitra et al. 2006; Curto et al. 2007; Cole et al. 2008; Lallemand et al. 2009 ). In mammalian cells, Merlin can block EGFR internalization and signaling specifically in response to cell:cell contact, providing one explanation for the loss of contactdependent inhibition of proliferation exhibited by Nf2-deficient cells (Morrison et al. 2001; Lallemand et al. 2003; McClatchey and Giovannini 2005; Okada et al. 2005; Curto et al. 2007; Morris and McClatchey 2009) . Indeed, pharmacologic inhibitors of EGFR block the overproliferation of Nf2 À/À cells in culture and within Nf2 À/À renal tumors in vivo (Curto et al. 2007 ). Increasing evidence indicates that physical communication between stem cells and the surrounding niche regulates their proliferation and ability to divide asymmetrically, which could render them particularly sensitive to Nf2 loss (Fuchs et al. 2004; Yamashita et al. 2005; Scadden 2006 ). We wanted to study the role of Nf2/Merlin in controlling proliferation in the developing and adult mouse liver in order to better understand the predisposition of Nf2 heterozygous mutant mice to liver tumorigenesis and the potential role of Nf2-regulated pathways in human liver malignancies. We found that deletion of Nf2 in the developing liver leads to a rapid and dramatic expansion of liver progenitor cells throughout the liver, and subsequently to the development of CC and metastatic HCC. Loss of Nf2 in the adult liver yields equivalent histopathological lesions, suggesting that Nf2 is required to both establish and maintain the hepatic progenitor cell niche; all of these mice also go on to develop both CC and HCC. Notably, Nf2
À/À hepatocytes in these models remained quiescent, and were even able to participate in normal liver regeneration, indicating that progenitor cells are uniquely sensitive to Nf2 loss. Despite recently established links between the Drosophila Nf2 ortholog and the Hpo/Wts/Yki proliferation control pathway in flies (Hamaratoglu et al. 2006; Hamaratoglu et al. 2009; Baumgartner et al. 2010; Genevet et al. 2010; Yu et al. 2010) , and between the corresponding mammalian Mst/ Lats/Yap pathway in hepatocyte quiescence and tumorigenesis (Zender et al. 2006; Dong et al. 2007; Zhou et al. 2009; Lu et al. 2010; Song et al. 2010) , our studies suggest that Merlin is not a major regulator of Mst/Lats/Yap in mouse liver progenitors. Instead, our studies suggest that, as in other cell types, a key function of Merlin in these cells is to negatively regulate the activity of EGFR. Thus, pharmacologic inhibition of EGFR blocks the overproliferation of liver progenitors in this model, consistent with studies that conclude that EGFR signaling promotes OC proliferation (Evarts et al. 1993; Nagy et al. 1996) and liver tumorigenesis in humans and rodents (Jhappan et al. 1990; Breuhahn et al. 2006; Tanabe et al. 2008) . These studies yield novel insights into the cellular and molecular basis of liver progenitor homeostasis, the biological function of the Nf2 tumor suppressor, and the relationship between liver progenitors and tumorigenesis.
Results

Nf2 deletion causes liver progenitor expansion and hepatomegaly
To isolate the consequences of Nf2 deficiency to the liver, we crossed conditional Nf2 mutant (Nf2 lox/lox ) mice to transgenic Alb-Cre mice in which the albumin promoter drives expression of the Cre recombinase in the developing and adult liver (Postic and Magnuson 2000) . Liver-specific deletion of Nf2 led to marked abdominal enlargement beginning at 6-8 wk of age due to massive hepatomegaly, with livers representing up to one-third of the total body weight ( Fig. 1A,B ; Supplemental Fig. 1A,C) . Surprisingly, histological examination revealed that this was not due to an increase in hepatocyte number or size, but instead to extensive hyperplasia of undifferentiated cells that fit the morphological description of facultative mouse liver progenitor cells known as OCs (Fig. 1C,D) . These lesions originated from the portal tracts and infiltrated the surrounding parenchyma, leaving the centrilobular veins largely intact (Fig. 1D) . Indeed, while cells within these lesions were highly proliferative, islands of neighboring Nf2 À/À hepatocytes remained quiescent and exhibited no apparent defects (Fig. 1D,F) . Apoptotic cells were not detected in the lesions or in neighboring hepatocytes (data not shown).
The albumin promoter becomes active in HBs at embryonic day 9.5 (E9.5) in the developing mouse liver, and its activity is maintained postnatally in mature hepatocytes but not in mature cholangiocytes (Shiojiri 1981) . Bona fide OCs have not been described in the embryo, but their correspondence with HBs within the primitive biliary tree has been suggested (Shiojiri et al. 1991) . In fact, periductular hyperplasia is already detectable in newborn Alb-Cre;Nf2 lox/lox livers, which are otherwise normal (Fig. 2B) . Thus, the earliest histopathological consequences of Nf2 deficiency are restricted to the prospective locations of the adult liver stem cell niches from which OCs arise (Theise et al. 1999; Kuwahara et al. 2008; Sell and Leffert 2008) , suggesting that Merlin plays an important role in the initial establishment of the liver progenitor niche.
The expansion of OC-containing lesions in postnatal Alb-Cre;Nf2 lox/lox livers is progressive, yielding cords that radiate from and bridge the portal tracts to strikingly delineate the polygonal architecture of hepatic lobuli (Fig.  2C ). As proliferation of OCs and associated cholangiocyte-like cells proceeds, immature neoductuli are formed (Fig. 2B) . Despite some regional variation, the phenotypic penetrance is complete, ultimately leading to a diffuse and massive OC expansion that surrounds and progressively compromises islands of normal-appearing hepatocytes (Fig. 2C,D) . Thus, Nf2 loss is sufficient for the sustained overproliferation of liver progenitors in vivo.
Consistent with classic models of OC hyperplasia in the mouse, cells throughout the Alb-Cre;Nf2 lox/lox liver lesions were marked by anti-pan-cytokeratin (panCK), A6, and anti-CD34 antibodies (Fig. 3B ,C,E,F,H,I,K,L,N; Omori et al. 1997; Crosby et al. 2001; Jakubowski et al. 2005; Kofman et al. 2005; Lee et al. 2006) . In contrast, in the wild-type liver, expression of the panCK and A6 antigens are restricted to bile duct epithelial cells (BECs) (Fig. 3D ,J,M); likewise, CD34 is normally expressed only by BECs and endothelial cells (Fig. 3G,J) . Cells within the lesions did not express a-smooth muscle actin, as would be seen upon activation of hepatic stellate cells during fibrosis, and we did not detect infiltrating lymphocytes or other signs of inflammation (data not shown). Taken together, these observations suggest that deletion of Nf2 yields an early, primary, and specific expansion of liver progenitor cells without affecting differentiated hepatocytes.
Deregulated EGFR signaling drives the overproliferation of Nf2
À/À liver progenitors in vitro and in vivo
Recent studies suggest that Merlin and the related tumor suppressor Expanded can function together to regulate the Hpo/Wts/Yki tumor suppressor pathway in Drosophila, but it is not clear whether they are key regulators of the analogous mammalian Mst/Lats/Yap pathway (Edgar 2006; Hamaratoglu et al. 2006 Hamaratoglu et al. , 2009 Baumgartner et al. 2010; Genevet et al. 2010; Yu et al. 2010 We found previously that Merlin can associate with and negatively regulate EGFR internalization and signaling Nf2 deficiency in the mouse liver specifically in contacting cells (Curto et al. 2007; Cole et al. 2008) . Indeed, Nf2
À/À cells of several types, including OCs and HBs, fail to down-regulate EGFR signaling at high cell density or to undergo contact-dependent inhibition of proliferation-phenotypes that are reversed by pharmacologic inhibition of EGFR (Curto et al. 2007 ). To determine whether persistent EGFR signaling drives the overproliferation of Nf2 À/À liver progenitors in vivo, we treated a small cohort of 7-wk-old Alb-Cre;Nf2 lox/lox mice with erlotinib (100 mg/kg in 6% captisol twice daily; n = 4) or vehicle (6% captisol twice daily; n = 3). After only 10 d of erlotinib treatment, we observed a decrease in lesion size and in liver:body weight ratio in all erlotinib-treated mice (Fig. 4A,B,F,G) . This was accompanied by a marked reduction in the number of BrdU-positive cells within the lesions (Fig. 4C-E) , and a corresponding decrease in the levels of pTyr and of known EGFR targets in these same cells ( Fig. 4H; Supplemental Fig. 5 ). Notably, erlotinib treatment had no effect on Yap1 levels or localization in these cells (data not shown). Collectively, these data suggest that persistent EGFR signaling drives the overproliferation of Nf2 À/À liver progenitor cells in vitro and in vivo.
Liver tumorigenesis in Alb-Cre;Nf2 lox/lox mice Between 6 and 30 wk of age, OC hyperplasia leads to the death of ;70% of Alb-Cre;Nf2 lox/lox mice (Fig. 5A) , with a progressive loss of hepatocyte-derived mass (see Fig.  2C ,D) and frequent ascites secondary to portal hypertension. Both genders were affected equally. All mice that survived beyond 30 wk exhibited increasing dysplasia and eventually developed frank liver tumors ( Fig. 5B-G ; Supplemental Fig. 6 ). Surviving Alb-Cre;Nf2 lox/lox mice invariably developed both HCC and CC within the same liver ( Fig. 5B-D) . The HCCs exhibit a striking variety of histopathological types including trabecular, solid, pseudoductular, and acinar hepatocellular morphologies (Supplemental Fig. 6 ). Early CCs strongly resemble the ''cholangiolocellular'' subtype described in humans (Komuta et al. 2008 ) that exhibits poorly differentiated characteristics and is believed to originate from the Canal of Hering-a putative location of the adult liver stem cell niche ( Fig. 5D; Supplemental Fig. 6 ). Transitional cellular and histological features intermediate between HCC and CC were also frequently observed (Supplemental Fig. 6 ). As seen in Nf2 +/À mice, HCC metastases were found in the lungs of nearly all (13 out of 14) of these mice after 1 yr (Fig. 5E-G; McClatchey et al. 1998 ). Other than lung metastases, no other extrahepatic lesions were detected. By crossing Alb-Cre;Nf2 lox/lox mice with GtRosa26 lox/stop/lox reporter mice, we confirmed that virtually all cells in primary CCs, HCCs, and corresponding metastases are lacZ-positive, and therefore originated from cells that expressed the Cre recombinase at some point and became Nf2-deficient ( Fig. 5F ,G; data not shown). This was confirmed by immunoblotting of dissected liver and tumor tissues (Supplemental Fig. 1C ). The complete penetrance of both tumor types subsequent to OC expansion is consistent with the possibility that the tumors in these mice can derive from unregulated Nf2 À/À OCs. OC proliferation and tumorigenesis upon Nf2 deletion in adult mice: role of proliferative stimuli
To determine whether loss of Nf2 must occur in the context of the developing liver in order for OC expansion and tumorigenesis to ensue, we deleted Nf2 in the adult liver by injecting a Cre-expressing adenovirus (Ad-Cre) into 8-wk-old Nf2 lox/lox mice (Fig. 6A) . After 8-12 mo, only mild periportal hyperplasia was detected in the livers of these mice (Fig. 6B,D) ; hepatocyte alterations were not detectable, and neither CC nor HCC developed. We reasoned that the highly proliferative context of the developing liver in Alb-Cre;Nf2 lox/lox embryos might play a critical role in the response to Nf2 loss, as the normal adult liver is mitotically quiescent. Therefore, we induced proliferation in the liver of Ad-Cre-injected mice via partial hepatectomy (PHx) (Higgins and Anderson 1931) . As seen in Alb-Cre;Nf2 lox/lox mice, all of these mice developed marked primary OC hyperplasia and subsequent HCC and CC ( Fig. 6C,E ; data not shown). OC hyperplasia was never seen upon PHx of control mice. As an alternative strategy, we generated Mx1-Cre;Nf2 lox/lox mice in which Cre expression can be induced throughout the liver upon stimulation of the interferon pathway via intraperitoneal injection of polyIC (polyinosinic-polycytidylic acid) ( Fig. 6F ; Kuhn et al. 1995) . Again, Cremediated inactivation of Nf2 in adult Mx1-Cre;Nf2 lox/lox mice resulted in only a modest activation of OCs after 5-8 mo, despite clear evidence of Nf2 recombination/loss throughout the liver ( Fig. 6G; Supplemental Fig. 1B) . However, performing a PHx after polyIC induction led to a marked increase in OC hyperplasia, as well as HCC and CC development with complete penetrance (Fig.  6H,I ). Notably, after PHx, liver regeneration itself occurs normally in the absence of Merlin, and Nf2 À/À hepatocytes re-enter a quiescent state after regeneration is complete; this is followed by the appearance and expansion of OCs. Thus, the proliferative stimulus provided by PHx appears to specifically unleash the overproliferation of otherwise quiescent Nf2 À/À liver progenitors, and is not required for their continued proliferation. This is consistent with a role for Merlin in down-regulating growth factor receptor output in liver cells. In fact, intraperitoneal injection of EGF into Mx1-Cre;Nf2 lox/lox mice yielded a ''superinduction'' of phosphorylated EGFR and the known EGFR signaling targets pSTAT3 and pAKT in the Nf2 À/À (polyIC-induced) relative to the control liver (no polyICmediated induction of Cre expression) (Supplemental Fig.  7 ). Taken together, these findings suggest that Merlin function is required to establish and maintain quiescence of liver progenitor cells.
Stem/progenitor cell-derived tumorigenesis
The overproliferation of OCs preceding the development of both HCC and CC in all three models suggests that the tumors originate from these liver progenitor cells. To determine whether undifferentiated Nf2 À/À liver progenitors can become neoplastic, we generated clonal lines of Nf2-expressing (wild-type) or Nf2-deficient HBs that also expressed a lacZ reporter from E14.5 embryonic mouse livers, and transplanted them into the livers of adult immunocompromised nu/nu mice (Supplemental Fig. 1D ). Five weeks post-transplantation, lacZ+/Nf2-expressing HBs were scattered uniformly throughout the liver (Fig.  7A,B) . In contrast, livers from mice transplanted with Nf2-deficient HBs revealed multiple foci of proliferating undifferentiated cells that progressed within only 3-4 wk to form larger neoplasias that exhibited both cholangiocytic and hepatocytic features (Fig. 7C-F) . These data support a cell-autonomous requirement for Merlin in controlling liver progenitor proliferation and neoplastic transformation; they also indicate that liver neoplasia can arise from clonal Nf2 À/À liver progenitors.
Discussion
The results presented here provide the first example of a single gene (Nf2) whose disruption is sufficient to effect a primary expansion of both embryonic and adult liver progenitor cells in vivo, and to reproducibly yield both major forms of liver cancer. The lesions that arise upon deletion of Nf2 in embryonic or adult mouse liver strongly resemble classic models of chemically induced OC expansion both histologically and in terms of marker expression (Omori et al. 1997; Jakubowski et al. 2005; Kofman et al. 2005; Lee et al. 2006) . Our phenotype also closely resembles the OC expansion seen upon transgenic overexpression of the TNF-like cytokine TWEAK (Jakubowski et al. 2005) . However, in contrast to the Nf2 À/À liver, lesions in TWEAK-overexpressing livers exhibit increased apoptosis and are not progressive. Indeed, tumors do not develop in these mice. The precise origin of OCs has been long debated; most studies conclude that they arise from unidentified intrahepatic stem cells (Fausto and Campbell 2003; Fausto 2004; Theise 2006) , although a hematopoietic origin has been suggested (Petersen et al. 1999 ; Thorgeirsson and Grisham 2006) . Recently, label retention studies have partially substantiated the long-held notion that OCs arise from intraductal and periductal locations within the most proximal branches of the biliary tree (Kuwahara et al. 2008) ; this is precisely where OC expansion is first seen in Nf2-deficient livers. In fact, the initial appearance of OCs in newborn animals, despite more pervasive expression of Alb-Cre, suggests that Nf2 is specifically required for OC quiescence during the establishment of the OC niche. Together with the development of additional sophisticated genetic tools, this model could be used to define the cellular origin of the OC and the physical location of its niche. Our data suggest that Nf2 mutant liver tumors are derived from Nf2 À/À progenitors for the following reasons: First, OC expansion always precedes the development of both HCC and CC, regardless of whether Nf2 loss occurs in the embryo or adult. Second, lesions in all three models (Alb-Cre;Nf2 À/À HBs yielded the expansion of undifferentiated cells followed by the development of neoplasias bearing cholangiocytic and hepatocytic features, indicating that Nf2 À/À liver progenitors can initiate liver tumors. We cannot exclude the possibility that HCCs can develop from differentiated hepatocytes in the Nf2-deficient liver, given that hepatocytes continue to express Alb-Cre. However, Nf2 deficiency is clearly not sufficient for the overproliferation or transformation of differentiated hepatocytes, as AlbCre;Nf2 lox/lox , Ad-Cre-injected Nf2 lox/lox , and induced Mx1-Cre;Nf2 lox/lox mice harbor many Nf2-deficient hepatocytes that do not exhibit gross morphological alterations or aberrant BrdU incorporation in vivo; in fact, liver regeneration occurs normally in these mice, indicating that, even after receiving a proliferative stimulus and undergoing cell division, Nf2 À/À hepatocytes can appropriately re-enter a quiescent state. This suggests that either additional mutations cooperate with Nf2 loss to drive the development of HCC in this model, or HCC develops from Nf2 À/À progenitors that adopt an improperly differentiated state. Indeed, recent studies document the development of HCC from OCs in carcinogen-treated rats, and suggest that a subset of human HCCs exhibit a gene expression signature that is similar to that of both rodent OCs and HBs (Lee et al. 2006; Andersen et al. 2010 ).
These models of liver-specific Nf2 deficiency provide a unique opportunity to identify the molecular signals that regulate homeostasis of both embryonic and adult liver progenitors. We found that deletion of Nf2 in the liver, as in other cell types, yields deregulated EGFR signaling, and that pharmacologic EGFR inhibitors reverse the overproliferation of Nf2 À/À progenitors in vitro and in vivo ( Fig. 4 ; Curto et al. 2007 ). This, together with the superinduction of EGFR activity in the induced MxCre;Nf2 lox/lox liver, strongly supports a primary role for aberrant EGFR activity in OC expansion and tumorigenesis in the absence of Nf2, although other receptors may also be important (McClatchey and Giovannini 2005; Maitra et al. 2006) . This is consistent with many studies that have indicated a causal role for EGFR signaling in OC proliferation and liver tumorigenesis in humans and mice (Jhappan et al. 1990; Evarts et al. 1993; Nagy et al. 1996; Yoon et al. 2004; Breuhahn et al. 2006; Blechacz and Gores 2008) . Although NF2 mutations have not yet been reported in human liver cancers, our data argue for a systematic mutational analysis across a large, diverse panel of liver tumors; indeed, NF2 mutations could be unique to a subset of tumors that are of progenitor cell origin (Lee et al. 2006; Roskams 2006; Sell and Leffert 2008; Andersen et al. 2010) . In fact, the broad consequences of Nf2 loss in development and tumorigenesis in the mouse predict an underappreciated role for NF2 mutations in human cancer. As such, our discovery that kidney-specific Nf2 deletion yields renal carcinomas in the mouse has been complemented recently by the discovery of NF2 mutations in a subset of sporadic human renal tumors (Forbes et al. 2008; Morris and McClatchey 2009; Dalgliesh et al. 2010) .
Despite the recent assertion that a critical function of Merlin is to negatively regulate the Hpo/Wts/Yki tumor suppressor pathway in Drosophila (Hamaratoglu et al. 2006 (Hamaratoglu et al. , 2009 Baumgartner et al. 2010; Genevet et al. 2010; Yu et al. 2010) , together with recent studies linking the corresponding mammalian Mst/Lats/Yap pathway to liver tumorigenesis in mice and humans (Zender et al. 2006; Dong et al. 2007; Zhou et al. 2009; Lu et al. 2010; Song et al. 2010) , our studies suggest an important function for Merlin in the liver that is independent of this pathway. Indeed, the reported consequences of inactivating the Mst/Lats/Yap pathway in the liver, either by eliminating Mst1/2 or overexpressing YAP, are quite distinct from that of deleting Nf2 (Camargo et al. 2007; Dong et al. 2007; Zhou et al. 2009; Lu et al. 2010; Song et al. 2010) . In fact, overexpression of YAP or deletion of its negative regulators, Mst1 and Mst2, in the liver primarily affects hepatocytes, yielding aberrant hepatocyte morphology, proliferation, and, eventually, HCC that is not preceded by OC expansion (Camargo et al. 2007; Zhou et al. 2009; Lu et al. 2010; Song et al. 2010) . In contrast, deletion of Nf2 in the liver specifically yields an early and dramatic expansion of progenitor cells without detectable alterations in neighboring hepatocytes, including any increase in nuclear Yap1 (data not shown). Instead, high levels of cytoplasmic and nuclear Yap1 were apparent in some HCC foci and metastases and not in others (Supplemental Fig.  8 ), suggesting that Nf2 deficiency is not sufficient to yield Yap1 activation in hepatocytes. Instead, it is possible that other mutations cooperate with Nf2 loss to achieve full YAP activation. Similarly, we could not detect a major role for Merlin in regulating Yap1 in OCs, and we found that Yap1 was not required for the overproliferation of cultured OCs. Instead, we provide evidence that the overproliferation of Nf2 À/À liver progenitors in vitro and in vivo is EGFR-dependent.
Our previous molecular studies indicate that Merlin can mediate contact-dependent inhibition of proliferation by coordinating the establishment of cell:cell contact with down-regulation of EGFR signaling (Curto et al. 2007; Cole et al. 2008) . In vivo, all cells are in contact, and contact-dependent inhibition of proliferation must be overridden and re-established; for example, during the developmental expansion of tissues. Stem/progenitor cells must be constantly poised to override contact-dependent inhibition of proliferation, and may therefore be particularly sensitive to loss of Merlin function. Indeed, increasing evidence supports a critical role for physical communication between progenitor cells and their niche in governing stem cell division (Fuchs et al. 2004; Scadden 2006) . Thus, studies of the relationship between germline stem cells and their niche in Drosophila underscore the importance of reciprocal coordination between intercellular contacts and receptor signaling in controlling niche homeostasis (Yamashita et al. 2005) . Similarly, it has been suggested that cadherin-mediated communication between hematopoietic stem cells and the bone marrow niche in mammals governs their proliferation (Adams et al. 2006) . Notably, a recent study revealed that Merlin is necessary for the function and structure of the hematopoietic stem cell niche, and, consequently, for limiting hematopoietic stem cell numbers (Larsson et al. 2008) . Most studies conclude that the adult liver progenitor cell resides near or at the Canal of Hering, where cholangiocytes Nf2 deficiency in the mouse liver and hepatocytes come into physical contact with one another (Theise et al. 1999; Paku et al. 2001; Kuwahara et al. 2008) . Our studies reveal a key role for Merlin in establishing and maintaining the liver progenitor cell niche. Although further studies will be required to more precisely define the role of Merlin in regulating liver progenitor proliferation in vivo, we speculate that it may function to coordinate physical contacts and growth factor signaling among different cell types in this unique setting of intercellular communication.
Materials and methods
Animals
Homozygous Nf2 lox/lox mice (FVB/N) were crossed with transgenic mice expressing the Cre recombinase under a liver-specific albumin promoter (Alb-Cre) (B6.Cg-Tg[Alb-cre]21Mgn/J; Jackson Laboratories) (Giovannini et al. 2000; Postic and Magnuson 2000) or the Interferon-a-inducible Mx1 promoter (Mx1-Cre) (Tg[Mx1-cre]1Cgn/J; Jackson Laboratories) (Kuhn et al. 1995) . To monitor Cre-mediated excision, mice were crossed to the reporter strain GtRosa26 lox/stop/lox (B6;129-Gt[ROSA]26Sor tm1Sho /J; Jackson Laboratories) in which removal of a floxed stop cassette allows expression of the b-galactosidase/LacZ reporter upon Cre-mediated recombination (Mao et al. 1999) . Mixed-gender animals were used for all experiments. Immunocompromised 5-wk-old female nu/nu mice used for transplantation experiments were obtained from the Massachusetts General Hospital (MGH) Cox7 facility.
Animal procedures
All animal procedures were performed according to federal and institutional guidelines, and were approved by the MGH Subcommittee on Research Animal Care. BrdU (Sigma) was injected intraperitoneally at 100 mg/kg body weight, and mice were sacrificed after 2 h. Activation of the Mx1 promoter was induced via two intraperitoneal injections of 250 mg of polyIC (Sigma) at 48-h intervals. EGF (Peprotech) was injected intraperitoneally at 10 mg/g body weight, and mice were sacrificed after 30 min. Deletion of Nf2 in adult Nf2 lox/lox mouse livers was induced via tail vein injection of 150 3 10 6 plaque-forming units (pfu) of a Cre-expressing adenovirus (Ad5CMV-Cre; University of Iowa Gene Transfer Vector Core). Compensatory liver cell proliferation was induced by two-third PHx performed according to that described previously in the rat (Higgins and Anderson 1931) .
Erlotinib (ChemieTek) was solubilized at 10 mg/mL in a 6% w/v aqueous solution of Captisol (CyDex Pharmaceuticals). Four Alb-Cre;Nf2 lox/lox and three Nf2 lox/lox control mice were treated by intraperitoneal injection of erlotinib at 100 mg/kg body weight once every 12 h for 10 d. Three Alb-Cre;Nf2 lox/lox and three Nf2 lox/lox control mice were treated on the same schedule with vehicle alone, with no detectable effect.
Transplantation of 3 3 10 6 HBs into the livers of 8-to 9-wk-old female nude mice was performed via intrasplenic injection (Ponder et al. 1991) . To increase engraftment of transplanted HBs into the liver (Laconi et al. 1998 ), a proliferative stimulus was provided by a two-third PHx performed at the time of the splenic injection.
Cell culture
Clonal HB lines were established according to the method described by Strick-Marchand and Weiss (2002) with some modifications. The liver of E14.5 embryos were excised, minced, and dissociated in Liver Dissociation Medium (Gibco-Invitrogen) (30 + 30 min rocking at 37°C), and the cell suspension was plated on two collagen I-coated, 100-mm dishes in F12-DMEM medium (1:1) containing 10% FBS, 100 ng/mL EGF, 60 ng/mL IGF-II, and 10 mg/mL insulin. Cultures were fed with fresh medium twice a week until epithelial clones appeared. Several clones were isolated using cloning cylinders and were further expanded. Nf2 deletion in cultured HBs was achieved via adenoviral expression of the Cre-recombinase as described for mouse embryonic fibroblasts (Lallemand et al. 2003) . Nf2 À/À OC lines (OCs, also dubbed ''liver-derived cells'' or LDCs) (Curto et al. 2007) were obtained from the liver of a 12-wk-old AlbCre;Nf2 lox/lox mouse with marked oval/biliary cell hyperplasia without detectable hepatocellular dysplasia or neoplasia. The liver was excised, minced, and dissociated as described above, and cells were cultured in 10% FBS-DMEM. Clonal cell lines with uniform epithelial morphologies were established by limiting dilution. The generation and use of adenoviral vectors expressing Nf2 wt have been described (Lallemand et al. 2003) . Infections with retroviral vectors encoding Lats2 (Zhang et al. 2008 )-shRNAs targeting Yap (sh1877; sh1883; a kind gift of Dr. Lars Zender, Helmholtz Center for Infection Research, Braunschweig, Germany) and Nf2-were performed as described (Cole et al. 2008) . Growth curves were performed as described (Curto et al. 2007 ).
Histology and immunohistochemistry
Freshly dissected tissues were fixed in 3.7% formaldehyde-PBS (phosphate-buffered saline), processed, and paraffin-embedded. Five-micron sections were stained with hematoxylin and eosin or processed further for immunohistochemistry. Antigen retrieval was done by boiling in 10 mM citrate buffer (20 min) for Yap1 detection, and 0.1% trypsin (20 min at 37°C) for panCK detection. Sections were incubated for 10 min in 0.3% H 2 O 2 -methanol; blocked 1 h in PBS, 1% BSA, and 10% normal goat serum; and incubated overnight at 4°C with the following primary antibodies: anti-Yap1 (1:40; Cell Signaling #4912), anti-panCK (1:1000; Dako #Z0622). BrdU-labeled cells were detected using a kit (Zymed) following the manufacturer's instructions. The Vectastain Elite kit (Vector Laboratories) was used for HRP-based chromogenic detection of secondary antibodies. Whole-mount LacZ staining of 2-to 3-mm-thick sections was used to detect b-galactosidase activity in liver and lung tissues. Freshly dissected tissues were fixed (0.2% glutaraldehyde, 5 mM EGTA, 2 mM MgCl 2 , 0.1 M NaPO 4 buffer at pH 7.3), washed three times in wash buffer (2 mM MgCl 2 , 0.02% NP-40, 0.01% deoxycholate, 0.1 M NaPO 4 buffer at pH 7.3), stained overnight in wash buffer (1 mg/mL X-gal, 5 mM K-ferricyanide, 5 mM K-ferrocyanide) at 37°C with gentle agitation, and post-fixed in 3.7% formaldehyde-PBS. Some specimens were processed further and paraffin-embedded, and 10-mm sections were counterstained with eosin or nuclear fast red for histological examination.
Immunofluorescent detection of CD34, panCK, and A6 were carried out on cryosections of frozen, OCT-embedded tissue. Sections were fixed in methanol/acetone (1:1, v/v), blocked in 10% goat serum in PBS for 1 h, and incubated overnight at 4°C with primary rat anti-mouse CD34 (1:100; BD-Pharmingen 550537), rabbit anti-cytokeratin (wide spectrum screening; antipanCK) (1:200; Dako Z0622), and rat anti-A6 (1:40; kindly provided by Valentina Factor) in 1% BSA-PBS, followed by secondary anti-rat Alexa488 (1:200; Molecular Probes) and secondary Cy3-conjugated anti-rabbit (1:200; Jackson Immunoresearch Laboratories), respectively, and mounted (Vectashield, Vector Laboratories). Nuclei were stained with DAPI. Two-dimensional epifluorescence images were acquired on a Nikon Eclypse 90i microscope with a Q-Imaging 2000R camera and NIS AR2.3 software. Final images were prepared using Adobe Photoshop CS3.
Immunofluorescence
OCs or HBs were plated on glass coverslips and infected with AdNf2 wt (5 multiplicity of infection [m.o.i.]) or Ad-Cre (20 m.o.i.), respectively, when subconfluent. Four days to 5 d after reaching confluence, cells were fixed for 15 min at room temperature in 4% PFA-cytoskeletal buffer (10 mM 2-[N-Morpholino]ethanesulfonic acid sodium salt [MES] at pH 6.3, 138 mM KCl, 3 mM MgCl 2 , 2 mM EGTA), and were subsequently permeabilized for 15 min in 0.2% Triton X-100 in PBS. Coverslips were blocked in 10% goat serum in PBS for 1 h and were incubated overnight at 4°C with anti-Yap1 (100; Cell Signaling #49121) in 1% BSA-PBS. Costaining for Merlin was performed by conjugation of the anti-NF2 antibody (1:400; Santa Cruz Biotechnology #sc-331) with the Zenon Rabbit IgG labeling kit (Molecular Probes) following the manufacturer's instructions. Coverslips were rinsed in PBS, incubated for 1 h at room temperature in FITC-or Cy3-conjugated secondary antibodies (Jackson Immunoresearch Laboratories), and mounted (Vectashield, Vector Laboratories). Nuclei were stained with DAPI. Two-dimensional epifluorescence images were acquired on a Nikon Eclypse 90i microscope with a Q-Imaging 2000R camera and NIS AR2.3 software. Final images were prepared using Adobe Photoshop CS3.
Immunoblotting
Liver tissue was homogenized at 4°C in 10 vol (w/v) of RIPA buffer (1% Triton X-100, 0.5% Na-deoxycholate, 0.1% SDS, 50 mM Tris-HCl at pH 7.4, 140 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 mM Na3VO4, 10 mg/mL each aprotinin, pepstatin, leupeptin) using a Teflon Potter-Elvehjem tissue grinder. Protein extracts from liver (120 mg per lane) or cultured cells (30 mg per lane) were analyzed by Western blotting using the following primary antibodies: EGFR-pY992 (#2235), EGFR-pY1068 (#2234), STAT3-pY705 (#9145), AKT-pS473 (#4060), YAP-pS127 (#4911), and YAP (#4912), all at 1:1000 (Cell Signaling); NF2 (#sc-331) at 1:5,000 and EGFR (#sc-03) at 1:1000 (Santa Cruz Biotechnology); Lats2 (#A300-479A) at 1:1000 (Bethyl); Orc2 (#920-4-41) at 1:1000 (BD-Pharmingen). HRP-conjugated secondary anti-mouse and anti-rabbit antibodies were from Amersham. For nuclear/cytoplasmic fractionation, we used the NE-PER kit from Pierce following the manufacturer's instructions.
PCR
Genotyping PCR from tissues and cells was performed as described for Nf2 (Giovannini et al. 2000) , Cre recombinase, and GtRosa26 (Jackson Laboratory; http://jaxmice.jax.org/pub-cgi/ protocols/protocols.sh?objtype=prot_list). For semiquantitative and real-time quantitative RT-PCR, total cellular RNA was extracted with TRIzol (Invitrogen), and reverse-transcribed with MMLV-RT (Promega) using oligo-dT primers. Semiquantitative RT-PCR was carried out as described in Tanimizu et al. (2003) using primers described therein. Fast Start Universal SYBR Green mix (Roche Applied Science) was used to amplify 0.5 mL of the RT reaction in a final 25-mL volume. Triplicate samples were run on a LightCycler 480 System (Roche Applied Science). Cycling conditions were denaturation for 15 sec at 95°C, annealing for 1 min at 60°C, and extension for 1 min at 60°C, 40 cycles. Expression of the b-actin gene was used as an internal control. Primer sequences in 59 to 39 orientation were as follows: AFP, f-TTCGTATTCCAACAG GAGGC and r-CAGACTTCCTGGTCCTGGGC; bActin, f-CTA AGGCCAACCGTGAAAAG and r-ACCAGAGGCATACAGGG ACA; Birc2, f-GAAGAAAATGCTGACCCTACAGA and r-GCTC ATCATGACGACATCTTTC; Birc3, f-AGAGAGGAGCAGATGG AGCA and r-TTTGTTCTTCCGGATTAGTGC; Sox4, f-CCTCG CTCTCCTCGTCCT and r-TCGTCTTCGAACTCGTCGT; Myc, f-CCTAGTGCTGCATGAGGAGA and r-TCTTCCTCATCTTCT TGCTCTTC.
